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Surface-bound nucleic acid probes designed to adopt specific secondary structures are becoming increasingly
important in a range of biosensing applications but remain less well characterized than traditional single-stranded
probes, which are typically designed to avoid secondary structure. We report the hybridization efficiency for surface-
immobilized hairpin DNA probes. Our probes are molecular beacons, carrying a 30 dye moiety and a 50 thiol for
attachment to gold nanowires, which serve as both scaffolds for probe attachment and quenchers. Hybridization
efficiency was dependent on probe surface coverage, reaching a maximum of ∼90% at intermediate coverages of (1-2)  
10
12probes/cm
2anddroppingtoe20%athigherorlowercoverages.Fluorescenceintensitydidnottrackwiththenumber
oftargetmoleculesbound,andwas highestforhigh probecoveragedespitethelowerbound targets per squarecentimeter.
Backfilling with short thiolated oligoethylene glycol spacers increased hybridization efficiency at low hairpin probe
coverages (∼(3-4)   10
11 probes/cm
2), but not at higher probe coverages (1   10
12/cm
2). We also evaluated the effect of
target length by adding up to 50 nonhybridizing nucleotides to the 30 or 50 end of the complementary target sequence.
Additional nucleotides on the 30 end of the complementary target sequence (i.e., the end near the nanowire surface) had a
much greater impact on hybridization efficiency as compared to nucleotides added to the 50 end. This work provides
guidance in designing sensors in which surface-bound probes designed to adopt secondary structures are used to detect
target sequences from solution.
Introduction
Biorecognition at a solid/solution interface is a crucial step in
manytypesofsensors.DNAoligonucleotidesarefrequentlyused
asbiorecognitionprobes,providingselectivityforcomplementary
target nucleic acids that can be used for example to detect and
diagnose infectious or genetic diseases, or to study gene expres-
sion patterns.
1 The ability of biorecognition probes to bind their
complementary target molecule is impacted by surface attach-
ment, which can introduce steric constraints and provide alter-
native, nonspecific binding opportunities.
2,3 Consequently, charac-
terization of surface-bound probe molecules and their ability to
bind target molecules from solution has been a major focus in array
and sensor literature.
For nucleic acid detection, two factors that help determine the
effectiveness of a given system as a sensor are the percentage of
surface-bound probes that have captured a target (referred to as
the hybridization efficiency) and the number of targets captured
(total and per unit area).
4-6 Hybridization efficiency is deter-
mined under conditions where maximum binding is expected
(i.e., high target concentrations, long hybridization times), and
provides a means of comparing probe accessibility in different
surface configurations, for example, as the probe density or
attachment chemistry is changed. A hybridization efficiency of
100%indicatesthatalloftheprobeswereavailableforbindingto
target molecules from solution, while a lower value suggests that
some of the probe molecules are unable to perform this function.
The number of target molecules captured is important for detec-
tion sensitivity, and depends not only on the hybridization
efficiency, but also on the probe surface density. Studies investi-
gating hybridization efficiency can lead to improved surfaces for
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sensing applications, and a number of hybridization effi-
ciency results have been reported for metal surface-immobilized
probes.
6-16 In general, optimal hybridization efficiencies are
achieved for lower probe surface coverages and/or coadsorbed
lateral spacer molecules that prevent nonspecific adsorption of
probe nucleic acids to the gold substrate.
6-11,13,14,17-20 Alterna-
tively, nanostructured surfaces that provide high curvature can
facilitate high hybridization efficiency even at high probe sur-
face coverages.
9,12,16 Maximizing the number of target molecules
bound may or may not coincide with the best conditions for
hybridizationefficiency;itisnotuncommonformoretotaltargets
tobindathigherprobedensitiesdespitethereducedhybridization
efficiency.
6,9,10
These determinations all employed linear nucleic acid probes,
thatis, probesdesigned specificallynot to adopt stable secondary
structures. While important for many traditional DNA-DNA
binding applications, studies involving strictly linear probes may
not be applicable to other systems that employ structured nucleic
acid probes, such as molecular beacons, which exhibit a hairpin
structure when not bound to target nucleic acid sequences.
21-23
Molecular beacon systems are attractive in biosensing for their
high specificity, including their ability to discriminate single-base
mismatches, and also for in situ analysis without rinsing steps.
21
A number of surface-immobilized molecular beacon detection
schemes, both optical
24-43 and electrochemical,
44-52 have been
used in both bioanalytical and biophysical studies of probe-
substrate interactions. A number of these works have reported
varyingprobesurfacecoverageanditsimpactuponprobesurface
structureandbiosensorresponse.
24,47,49,50Othershavefocusedon
hybridizationbuffercomponentsandionicstrengthorpHeffects,
finding that these parameters were important to maximize both
hairpin unfolding and target binding.
24,28,35,38 Differences in
probe-surface interactions between structured and unstructured
probeshavebeenreported.
24,49Thesearegenerallyattributableto
molecular beacon probe stem-loop secondary structure and
include decreased surface density and response to lateral spacer
molecules.
24,31,32,45,49 Despite these important studies, to our
knowledge, there have been no reports quantifying hybridization
efficiency for surface-bound hairpin probes.
Hairpin probes immobilized onthe surface of metal nanowires
offer an opportunity to quantify hybridization efficiency for
probes that have been designed to contain secondary structure.
When nanowires contain segments of both gold and silver, the
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striping pattern of these two metals can be used as an identifica-
tion tag, or barcode, to identify the probe sequence associated
with that particle.
53,54 We have previously used this approach to
performmultiplexedexperimentsinwhichseveraldifferent target
sequences were simultaneously detected, each on a different
barcoded nanowire.
24-27 Here, the nanowire platform facilitates
quantification of probe molecules per unit area on the metal
surface as well as evaluation of their fluorescence response.
24,25
SimpleAunanowireswereusedassupportsforhairpinprobesfor
hybridization efficiency determinations. We note that the nano-
wire dimensions(ca. 6 μm in length and 300 nmin cross-sectional
diameter) are sufficiently large as to be good models for planar
surfaces. For <60 nm diameter nanospheres, particle curvature
impacts oligonucleotide probe assembly and subsequent target
hybridization.
55-57 Beyond particle diameters of 100 nm, how-
ever, oligonucleotide immobilizationbehavior has been shown to
be essentially the same as that for planar surfaces.
55
Here, we report the effect of probe surface coverage on the
hybridization of hairpin probes bound to Au nanowires. We
found that hybridization efficiency was highly dependent on
the number of probes present and was maximized at an inter-
mediatecoverage.Wealsoinvestigatedtheimpactoftargetlength
on hybridization efficiency and assay performance in order to
mimic the response of the sensor to longer, naturally occurring
versus synthetic oligonucleotide targets and found that the loca-
tion of nonhybridizing oligonucleotide stretches influenced
performance. Characterization of biosensing platforms employ-
ing structured nucleic acids as probes is crucial, as these sys-
tems are increasingly used for detection of not only nucleic
acids, but multiple other molecular species, such as proteins,
small molecules, and ions, via other structured probes such as
aptamers.
58-60
Results and Discussion
Although the hybridization behavior of surface-bound DNA
probesdesignedtoavoidsecondarystructurehasbeenextensively
characterized,toourknowledge,therehasbeennoquantification
of hybridization efficiency, much less how it is affected by probe
surface coverage, for surface-bound probes exhibiting discrete,
intentional secondary structure. We evaluate the effects of (1)
probe coverage, (2) oligoethylene glycol diluent spacers, and (3)
extra nonhybridizing bases on oligonucleotide target 50 and 30
endsonthe hybridization efficiencyfora hairpinsequencebound
to metal nanowires.
The hairpin probe (HP) used here was designed to recognize
a 23-nucleotide region of the human immunodeficiency virus
(HIV).
25 This region is flanked on either side by five complemen-
tary nucleotides to form the stem-loop structure. HP bears a 50
thiol for attachment to the nanowire and a 30 TAMRA dye for
detection. Emission is quenched due to proximity to the metal
surface in the hairpin conformation; when target molecules bind,
the TAMRA moves away from the surface and becomes fluore-
scent.
24-27 Experiments were performed on gold scaffolds ap-
proximately 6 μm in length and 320 nm in cross-sectional
diameter.ThiolattachmentofHPtonanowiresfacilitatedcontrol
and quantification of the number of HP molecules present per
unit area. Fluorescence imaging experiments reported here were
mean values from more than 100 individual wires per sample.
Hybridization Efficiency of Surface-Bound Hairpin
Probes. Determination of the hybridization efficiency requires
knowledge of the number of molecules of hairpin probe and
bound complementary target. Because some target molecules
may bind nonspecifically to the surface rather than to their com-
plementary probes, it is also necessary to correct for any non-
specificadsorption.Nonspecificadsorptionoftargetmoleculesto
themetalsurfaceshouldnotcontributetothefluorescencesignal,
but is undesirable since it would decrease the target molecules
available for detection. We measured each of these in separate
experiments performed in parallel, as illustrated in Scheme 1.
Each experiment quantifies by fluorescence the desired molecule
(probe, complementary target, or noncomplementary control)
after removal from the nanowire surface by thiol displacement
using β-mercaptoethanol (BME). Removal from the nanowires
was necessary to avoid complications due to quenching by the
gold surface and/or the proximity of the dyes to one another.
Additionally, we quantified each component in separate experi-
ments, and omitted the 30 TAMRA from the HP probe when
quantifying the other molecules to avoid complications arising
from fluorescence resonance energy transfer.
61 We note that
fluorescence strand labeling can impact duplex formation;
62,63
however, this is expected to be minimal in our system (e.g.,
TAMRAhasbeenshowntostabilizeDNAduplexesbyincreasing
Tm<1 C
63). The hybridization efficiency was then determined
Scheme 1. Quantification of (A) TAMRA-Labeled Hairpin Probe,
(B) AlexaFluor488-Labeled Targets, and (C) AlexaFluor488-La-
beled Noncomplementary Targets
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using the following equation: hybridization efficiency=[(labeled
target - labeled noncomplementary target)/labeled hairpin]  
100%. Measurements for each type of strand were made in
triplicatefordeterminationofstandarddeviation,anderrorswere
propagated through to obtain uncertainties in hybridization
efficiency.
Figure 1 (top) and Supporting Information Table 1 show the
effect of hairpin probe surface coverage on the number of
complementary or noncomplementary strands bound to the
nanowires. HP surface coverage was varied by performing the
probe attachment at different ionic strengths to control the
screening of the electrostatic repulsions between the adjacent
probe molecules.
17,24 Higher ionic strengths yielded both higher
packing densities and poorer quenching in the absence of target
(Supporting Information Figure 1), phenomena that we have
observed previously.
24 At e1   10
12 probes/cm
2, the number of
targets (Tcomp) bound was low, even as compared to the number
of probes (Figure 1, top). At intermediate coverage (1.13-2.0  
10
12 probes/cm
2), the number of bound target molecules
approached the number of probes. Finally, at higher probe
surface coverage (4.8-6.6   10
12 probes/cm
2), the number of
bound targets per unit area decreased substantially despite the
increased number of probe molecules. The total number of
noncomplementary target (TNC) molecules bound stayed rela-
tively constant and low (Supporting Information Table 1). The
TNC term in the equation for hybridization efficiency was there-
fore only important at the lowest coverages. Hybridization
efficiencies, plotted in Figure 1 (bottom panel) were low at the
lowest probe coverages (∼20%), increased to a maximum of
∼90% at intermediate probe coverage, then decreased to ∼20%
again at the highest coverages (Figure 1, bottom).
Our interpretation of these data in terms of the DNA-
nanowire interface at different coverages is shown in Scheme 2. At
low probe coverages, we propose that the probes were unfolded
and bound to the metal surface via the nitrogen atoms of the
nucleobases.
64 The availability of surface binding sites for non-
specificadsorptionandtheinaccessibilityoftheprobesequencefor
Watson-Crick base pairing with targets contributed to low
hybridization efficiency (Scheme 2A). As the probes packed more
densely (Scheme 2B), they provided additional steric and electro-
static repulsion to help reduce nonspecific adsorption, and were
more accessible to binding target molecules from solution, leading
to increased hybridization efficiency. The low hybridization effi-
ciencies seen at the highest probe coverages can be explained by
steric hindrance, which also detrimentally affects the hybridization
efficiencyofunstructuredprobesathighdensities.
6-9,11Therewere
many target binding sites, but targets were either unable to induce
unfolding in the hairpins, or could not intercalate into the densely
packed probe layer to hybridize to hairpins that might have been
unfolded (Scheme 2C).
Further insight can be gained by examining the fluorescence
intensity for HP-coated nanowires in the presenceand absence of
target. In the absence of target, the nanowires should appear
nonfluorescent, as the fluorophore is in close proximity to the
metal surface and emission is quenched.
26,65 Upon addition of a
complementarytarget,thenanowiresshouldappearbright,asthe
hairpin intramolecular 5 bp stem is broken and fluorophore is
freed from constraint at the surface. This is largely what we
observe,inthatthesamplestowhichtargethasbeenaddedareall
muchbrighterthanthosewithouttarget(SupportingInformation
Figure 1). However, the fluorescence increases with increasing
probe coverage even in the absence of target (Supporting Infor-
mation Figure 2), attributable to a higher overall number of
probes. The increase is roughly linear with no substantial changes
in slope, indicating that the degree of quenching remains essen-
tially constant as the surface coverage of HP changes. This can be
Figure 1. (top) Effect of HP surface coverage on the number of
complementary targets (Tcomp, open circles), and noncomplemen-
tarytargets(TNC, filled triangles) present. Inset: Expanded view of
thelowestcoverages.Thenumberofprobestrandsisalsoincluded
ateachcoverageforcomparison(HP,filledcircles),andthedotted
line indicates the target coverage that would correspond to 100%
hybridization efficiency, assuming no nonspecific adsorption.
(bottom) Effect of HP surface coverage on the hybridization
efficiency of HP probes bound to Au nanowires. The bottom axis
is shared for both graphs.
Scheme 2. Depiction of Hybridization Behavior at (A) Low, (B)
Intermediate, and (C) High Hairpin Probe Coverages
(64) Opdahl, A.; Petrovych, D. Y.; Kimura-Suda, H.; Tarlov, M. J.; Whitman,
L. J. Independent Control of Grafting Density and Conformation of Single-
Stranded DNA Brushes. Proc. Natl. Acad. Sci. U.S.A. 2007, 104,9 –14.
(65) Gersten, J.; Nitzan, A. Spectroscopic Properties of Molecules Interacting
with Small Dielectric Particles. J. Chem. Phys. 1981, 75, 1139–1152.DOI: 10.1021/la1031703 18277 Langmuir 2010, 26(23), 18273–18280
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interpreted as either (1) the distribution of HP conformations on
thesurfaceisunaffectedbyHPsurfacedensity,or(2)allconforma-
tionsadoptedbyHP giveessentiallythesamedegreeofquenching,
such that even if the conformation changes with coverage, the
intensity per HP molecule remains constant. We favor the second
interpretation, which is physically possible because of the relatively
long-range quenching provided by the metal surface, and is con-
sistent with the low nonspecific binding and low hybridization
efficiencies we observe at low surface coverage. Quenching can be
effective up to 5 nm from the metal surface,
26,65,66 which corre-
sponds to 15 base pairs of duplex DNA oriented perpendicular to
the surface.
The change in fluorescence intensity upon target binding (i.e.,
target-present values minus target-absent values) increased with
increasingprobecoverageupto5 10
12/cm
2andthenleveledoff.
This is in contrast to both the hybridization efficiency and the
number of target molecules bound per unit area on the nanowire
surface, both of which decreased after reaching a maximum at
∼2   10
12 HP/cm
2 (Figure 2). We attribute the increased fluore-
scenceintensitydespitefewerboundtargetmoleculestorestricted
gyration of the duplex DNA at high probe packing densities,
leading to a greater average distance between the TAMRA and
the metal surface and hence greater emission per event than is
observed at lower HP coverage. Plaxco and co-workers have
observed a similar effect with an electrochemical hairpin system,
wherein the signal was highly dependent on both target-bound
and target-unboundprobe conformations at different densities.
47
We note that there is not direct evidence that the molecular
beacon probes initially exist in a hairpin structure on the surface;
similar changes in fluorescence would be expected just due to
changes in the rigidity and hence average surface-dye separation
of single- versus double-stranded unstructured probes.
67 It is,
however, reasonable to assume that many probes do adopt
hairpin structures due to the greater stability of hairpin versus
extendedstructures,andobserveddifferencesbetweentraditional
unstructured probes and molecular beacon probes support this
interpretation.
24 We envision our surface as having a population
ofsomehairpinandsomeextendedconformationscoexistingand
interconverting, and attempted to show this in Scheme 2. Some
intermolecular hybridization between the 30 and 50 ends of
adjacent strands is also possible.
Effect of Surface Passivation with Thiolated Oligoethy-
leneGlycolonHybridizationEfficiency.Acommonapproach
to increasing hybridization efficiency for linear probes is to
laterallyspacethemoutonthesurfacebybackfillingorcoadsorb-
ing the probe with a diluent such as mercaptohexanol or a
thiolated oligoethylene glycol.
6,8,10,11,17-20,68-73 These molecules
are used to prevent multipoint attachment of thiolated probe
molecules through their nucleobases, and as such make them
more accessible for target binding from solution. They also help
protect the surface from nonspecificadsorptionoftarget orother
molecules present in the solution. Results for surface dilution of
molecular beacon probes using short chain thiols have been less
encouraging with regard to quenching efficiency, which was
evaluated by fluorescence quantification pre- and post-target
addition.
24,32 These experiments
24 were performed at relatively
high probe coverages of 6.4   10
12 probes/cm
2 pre-spacer addi-
tion; if in fact the HPs are unfolded onto the surface at very low
coverage, backfilling can be expected to lead to more correct
secondary structure and greater availability for target binding,
increasing hybridization efficiency. We evaluated the impact of
backfillingwithathiolatedoligoethyleneglycol,HS-OEG,onthe
hybridization efficiency of nanowire bound HP.W ec h o s et h i s
molecule due to the ability of ethylene glycol to reduce bio-
fouling.
74,75 Samples were prepared at two assembly ionic
strengths (50 and 30 mM buffer) to provide samples of inter-
mediateandlowprobesurfacedensity.AfterbackfillingwithHS-
OEG,thesampleshad9(1 10
11and3.57(0.08 10
11probes/
cm
2, and hybridization efficiencies of 68 ( 8% and 52 ( 11%,
respectively.Ascomparedtosampleswith similarprobe densities
that had not been backfilled with HS-OEG, this represented no
difference for the higher coverage sample, but a 60% improve-
ment in hybridization efficiency for the lower coverage sample.
The improvement in hybridization efficiency for the 3.6-3.7  
10
11 probes/cm
2 sample was due to a more than 10-fold decrease
in the amount of noncomplementary binding: (1.6 ( 0.3)   10
11
TNC/cm
2 without HS-OEG spacers and (1.2 ( 0.2)   10
10 TNC/
cm
2 with HS-OEGspacers.BindingofTcompwasslightly reduced
upon spacer inclusion, from (2.9 ( 0.2)   10
11 Tcomp/cm
2 to
Figure 2. Background-subtracted fluorescence intensity as deter-
mined by microscopy (open circles) and the number of target
oligonucleotides present (filled circles) as a function of HPsurface
coverage. Each fluorescence intensity point corresponds to the
mean from >100 individual imaged nanowires. Error bars for
fluorescence are 95% confidence intervals; error bars for hybridi-
zation efficiency and number of targets present are standard
deviations. Lines between points are included to guide the eye.
(66) Lakowicz, J. R. Radiative Decay Engineering: Biophysical and Biomedical
Applications. Anal. Biochem. 2001, 298,1 –24.
(67) Maxwell, D. J.; Taylor, J. R.; Nie, S. Self-Assembled Nanoparticle Probes
for Recognition and Detection of Biomolecules. J. Am. Chem. Soc. 2002, 124,
9606–9612.
(68) Peterlinz, K. A.; Georgiadis, R. M. Observation of Hybridization and
Dehybridization of Thiol-Tethered DNA Using Two-Color Surface Plasmon
Resonance Spectroscopy. J. Am. Chem. Soc. 1997, 119, 3401–3402.
(69) Peeters, S.; Stakenborg, T.; Reekmans, G.; Laureyn, W.; Lagae, L.; Van
Aerschot, A.; Van Ranst, M. Impact of Spacers on the Hybridization Efficiency of
Mixed Self-Assembled DNA/Alkanethiol Films. Biosens. Bioelectron. 2008, 24,
72–77.
(70) Steichen, M.; Brouette, N.; Buess-Herman, C.; Fragneto, G.; Sferrazza, M.
Interfacial Behavior of a Hairpin DNA Probe Immobilized on Gold Surfaces.
Langmuir 2009, 25, 4162–4167.
(71) Peled, D.; Daube, S. S.; Naaman, R. Selective Enzymatic Labeling to
Detect Packing-Induced Denaturation of Double-Stranded DNA at Interfaces.
Langmuir 2008, 24, 11842–11846.
(72) Lee, C.-Y.; Gamble, L. J.; Grainger, D. W.; Castner, D. G. Mixed DNA/
Oligo(ethylene glycol) Functionalized Gold Surfaces Improve DNA Hybridiza-
tion in Complex Media. Biointerphases 2006, 1,8 2 –92.
(73) Zhang,J.;Lao,R.;Song,S.;Yan,Z.;Fan,C.DesignofanOligonucleotide-
Incorporated Nonfouling Surface and Its Application in Electrochemical DNA
Sensors for Highly Sensitive and Sequence-Specific Detection of Target DNA.
Anal. Chem. 2008, 80, 9029–9033.
(74) Zareie, H. M.; Boyer, C.; Bulmus, V.; Nateghi,E.; Davis, T. P.Temperature-
Reponsive Self-Assembled Monolayers of Oligo(ethylene glycol): Control of Bio-
molecular Recognition. ACS Nano 2008, 2, 757–765.
(75) Feldman, K.; H€ ahner, G.; Spencer, N. D.; Harder, P.; Grunze, M. Probing
Resistance to Protein Adsorption of Oligo(ethylene glycol)-Terminated Self-
Assembled Monolayers by Scanning Force Microscopy. J. Am. Chem. Soc.
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(2.0 ( 0.4)   10
11 Tcomp/cm
2. These data are consistent with our
hypothesis that HPs interacted with the metal surface along their
lengths at the lowest surface coverages (Scheme 2, top); the HS-
OEG molecules prevented this interaction and resulted in a
greater percentage of HPs adopting the desired secondary struc-
ture. Our data cannot differentiate Tcomp strands associated with
the probes from those bound nonspecifically to the sites on the
metal surface where TNC bound in the absence of HS-OEG;
presumably both occurred. Furthermore, it is likely that the
amount of nonspecific adsorption to the metal was very similar
forTcompandTNC,whicharesimilarinlengthandpercentpurine/
pyrimidinecomposition. IftheHP probeswerefullyavailablefor
hybridization at the low coverages without HS-OEG, we would
expect the Tcomp signal to be the sum of hybridized and non-
specifically adsorbed strands, and the TNC signal to indicate the
amount of nonspecific adsorption to the metal surface. Thus,
Tcomp should have decreased substantially when it was restricted
to binding only through hybridization to HP and not to the bare
Au between the probes. Tcomp decreased only slightly, suggesting
that the reduction in nonspecific adsorption was offset by an
increase in hybridization.
Hybridization Efficiency of Longer Targets. In a real-
world biosensing application, target length will not be matched
to the length probe’s hairpin loop, but will most likely be much
longer,i.e.,hundredsofbases.Theplacementofacomplementary
target sequence within a longer strand of nucleic acid can be
expectedtoimpactitshybridizationtoasurface-boundprobedue
tosterichindrance.
9,76Wethereforeevaluatedtheeffectoftargets
having additional, nonhybridizing nucleotides on either the 50
or 30 end to gain insight into the hybridization behavior at the
solution-surface interface using a controlled system. It is not
always possible to control the location of the complementary
portion of the target sequence in real samples; however, when
polymerase chain reaction (PCR) amplification is performed
priortodetection, thesequenceat the30 or50 endoftheamplicon
can be used.
Targets of extended length were employed that represent the
region complementary to the hairpin loop, plus an extra 10, 20,
and 50 nucleotides on either the 50 or 30 end of the HIV sequence
(Scheme 3). Noncomplementary targets used in these assays
representedmatchedlengthstakenfromanInfluenzaBsequence.
The effects of these extra bases on hybridization efficiency are
presented in Table 1 and Figure 3. Note that although HP
attachment was performed under the same conditions for each
target, because the nanowires used for the 50 target experiments
were slightly longer than those used for the 30 targets, HP
coverage differed between the two (Table 1). Thus, the change
in hybridization efficiency for the 10 nt overhang as compared to
the fully matched target cannot be attributed to the additional
length alone, and may be primarily due to differences in probe
coverage. However, we are able to directly compare the effect of
adding 10, 20, versus 50 nt on either the 30 or 50 end. There was
little change in hybridization efficiency with increasing length for
targets incorporating extra 50 nt, with values remaining near
80% even for the longest target tested. The 30 overhang had
a greater effect, decreasing from ∼40% for 10 nt to just 25% for
50 nt, which is consistent with the greater steric hindrance
associated with the increased length on the 30 end, which is
oriented toward the nanowire surface (Scheme 3). These results
are consistent with those of Fan and co-workers, who also
observed a higher extent of hybridization when extra nucleotides
of PCR amplicons were oriented toward solution instead of gold
electrode surfaces.
73
FluorescenceintensitydataforexperimentsinwhichTAMRA-
labeled HP-coated nanowires were exposed to the longer unla-
beled complementary and noncomplementary targets are shown
in Figure 4. These experiments were performed using a single set
ofHP-coatednanowires((2-3) 10
12HP/cm
2)andhencecanbe
directly compared. Complementary targets of all lengths gave
substantially higher fluorescence intensity than noncomplemen-
tarycontrols.Fortargetsincorporatingextranucleotidesonthe50
end,fluorescenceincreasedsomewhatascomparedtounmodified
Tcomp (p < 0.005 for the increase from 0 to 10 nt on the 50 end).
Thismaybeduetotheboundtargetsinteractingwithneighboring
probes. The fluorescence intensity was however not strongly
dependent on length; values for 10, 20, or 50 additional nucleo-
tideswerenotstatisticallydifferent(p>0.1).Additionalntonthe
30 end resulted in a slight decrease in fluorescence intensity with
increasing length (p <0 . 0 5f o r0v s2 0n to n3 0 end), consistent
with the lower number of bound targets (Table 1). However, this
decrease was also not statistically significant when comparing 10,
20,and50additionalnttargetstoeachother(p>0.1).Thesedata
wereacquiredinbuffersolutionsunderhightargetconcentrations
(1 μM) and are hence not directly relevant to bioassay perfor-
mance. They are encouraging for surface-immobilized hairpin
bioassaysbecausetheyindicatethatextranonhybridizingnucleo-
tides did not appreciably hinder target binding, and the fluores-
cence response retained specificity even when challenged with
long noncomplementary targets.
Conclusions
We report the first determination of hybridization efficiency
for hairpin nucleic acid probes immobilized on a surface. The
hybridization efficiency was highly dependent on probe coverage
and reached a maximum of ∼90% at a coverage of 1.13-2.0  
10
12 probes/cm
2. Hybridization efficiencies dropped to ∼20% at
both higher and lower coverages, due to steric hindrance and
adsorptionoftheprobetothemetalsurface,respectively.Theuse
of thiolated oligoethylene glycol spacers increased the hybridiza-
tion efficiency at the lowest coverages by displacing nonspecifi-
cally bound nucleotides from the surface. Inclusion of extra
nucleotides at the 50 end of the target resulted in retention of high
hybridization efficiency and fluorescence intensity with respect
to target length, whereas extra nucleotides on the target 30 end
Scheme 3. Illustration of Hybridization of Fluorescently Labeled
Targets Incorporating Additional Nonhybridizing Nucleotides on the
50 End (A),o r3 0 End (B) of the Region Complementary to Surface-
Bound Hairpin Probes
(76) Stedtfeld, R. D.; Wick, L. M.; Baushke, S. W.; Tourlousse, D. M.; Herzog,
A. B.; Xia, Y.; Rouillard, J. M.; Klappenbach, J. A.; Cole, J. R.; Gulari, E.; Tiedje,
J. M.; Hashsham, S. A. Influence of Dangling Ends and Surface-Proximal Tails of
Targets on Probe-Target Duplex Formation in 16S rRNA Gene-Based Diagnostic
Arrays. Appl. Environ. Microbiol. 2007, 73,3 8 0 –389.DOI: 10.1021/la1031703 18279 Langmuir 2010, 26(23), 18273–18280
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yielded a decrease in hybridization efficiency, but only a slight
reduction in fluorescence intensity with respect to target length.
These investigations into the behavior of surface-bound struc-
tured nucleic acid probes can serve as guidelines in the interfacial
design of emerging technologies that employ structured probes,
such as those based on molecular beacon or aptamer probes on
nanospheres, nanowires, and/or planar supports.
Materials and Methods
Materials. All chemicals and biochemicals were used as
received without further purification except where noted. Water
for all experiments was purified using a Barnstead Nanopure
system to a resistivity of 18 MΩ. Buffers employed in this work
were(1)1MPBS(1MNaCl;10mMsodiumphosphate,pH7.2),
(2) 0.3 M PBS (0.3 M NaCl; 10 mM sodium phosphate, pH 7.2),
(3)10mMPBS(10mMsodiumphosphate,pH7.2),and(4)0.5M
CAC (0.5 M NaCl; 20 mM cacodylic acid; 0.5 mM EDTA,
pH 7.0).
25,31
Au nanowires were fabricated as previously reported and sus-
pended to a concentration of 1   10
9 wires/mL in ethanol.
53,77,78
Wire dimensions were 5.4-5.7 μm in length and 320 nm in cross-
sectional diameter.
53,77,78 The hairpin DNA probe sequence was
designed as described elsewhere and modified with a 50 thiol for
conjugation to Au nanowires and a 30 TAMRA dye for fluores-
cence elucidation.
24 All DNA sequences (Table 2) were obtained
from Integrated DNA Technologies, Inc. (Coralville, IA). Thi-
olatedhairpinprobeswerereceivedasdisulfidesandwerecleaved
before use to yield terminal 50 thiols. Cleavage was performed
via reaction of 100 μM DNA with 100 mM dithiothreitol (DTT)
in 0.1 M phosphate buffer, pH 8.3, for 30 min. The resultant
product was then purified by a Centrispin 10 column (Princeton
Separations) according to manufacturer protocols.
Determination of Surface Coverage. Oligonucleotide se-
quences were displaced from the metal nanowire surfaces by
treatment with an excess of BME.
12,24 Briefly, 2.5   10
7 DNA-
coated nanowires were suspended in 195 μLo f0 . 5MC A C ,a n d
5μLofBMEwasintroducedintothetubesforovernightreaction
in the dark. Nanowires were pelleted by centrifugation, and the
supernatant fluorescence was quantified using a Fluorolog-3
fluorimeter (TAMRA parameters: λex=558 nm, λem=580 nm;
AlexaFluor488parameters:λex=492nm,λem=517nm).Calibra-
tion curves were generated for each type of fluorescent DNA
strand, and surface coverages were calculated based on nanowire
dimensions.
Determination of Hybridization Efficiency. Twenty-five
microliters of nanowires (2.5   10
7 wires) were rinsed one time
by centrifugation (1 min at 7700g) out of ethanol, two times in
25 μL of water, and one time in 50 μL of selected buffer before
resuspension in 75 μL of buffer to be used in the attachment
process.Tovarythe surface coverage, buffers with differing ionic
strengths were used. A high ionic strength buffer, 1 M PBS, was
diluted with 10 mM PBS. To obtain buffers of very low ionic
Table 1. Surface Coverages, Footprints, and Hybridization Efficiencies for Hybridization Assays Incorporating Targets with Additional
Nonhybridizing Nucleotides
extra nucleotide location
and length
HP surface coverage (  10
12
probes/cm
2)
complementary target coverage
(  10
12/cm
2)
noncomplementary target coverage
(  10
12/cm
2)
hybridization
efficiency (%)
none
a 2.0(0.1 1.96(0.08 0.12( 0.01 90(7
none
a 4.8(0.6 0.91(0.06 0.021( 0.009 18(3
50-10 nt 2.8(0.6 2.3( 0.4 0.02(0.01 80(23
50-20 nt 2.4( 0.2 2.0(0.2 0.025(0.005 83(11
50-50 nt 2.6(0.5 2.1(0.4 0.03(0.02 81(22
30-10 nt 3.5(0.3 1.5(0.2 0.015(0.005 42(6
30-20 nt 3.6(0.4 1.4(0.2 0.007(0.003 38( 6
30-50 nt 3.6(0.3 0.89(0.05 0.0159 (0.0009 25(2
aBecause hybridization efficiency is dependent on probe coverage, two values for the fully matched target Tcomp are included to bracket the HP
coverage values found in the experiments using longer targets.
Figure 3. Effect of target length on the hybridization efficiency of
HPs bound to metal nanowires. Targets had extra nonhybridizing
nucleotides on the 50 end (open circles) or 30 end (closed circles) of
the region complementary to the probe sequence and were labeled
at the 50 end with AlexaFluor 488 to enable quantification. Error
bars represent the standard deviation in the hybridization effi-
ciency measurement.
Figure 4. Theeffectoftargetlengthon fluorescencehybridization
signal for TAMRA-labeled HPs bound to metal nanowires. Tar-
gets were unlabeled and had extra nonhybridizing nucleotides on
the 50 end (open circles) or 30 end (closed circles) of the region
complementary to the probe sequence. Noncomplementary se-
quences of different lengths are shown for comparison (closed
squares). Each fluorescence intensity point corresponds to mean
from >100 individual imaged nanowires. Error bars represent the
95% confidence level.
(77) Keating, C. D.; Natan, M. J. Striped Metal Nanowires as Building Blocks
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(78) Reiss, B. D.; Freeman, R. G.; Walton, I. D.; Norton, S. M.; Smith, P. C.;
Stonas,W.G.;Keating,C.D.;Natan,M.J.ElectrochemicalSynthesisandOptical
Readout of Striped Metal Rods with Submicron Features. J. Electroanal. Chem.
2002, 522,9 5 –103.
(79) Templeton, K. E.; Scheltinga, S. A.; Beersma, M. F. C.; Kroes, A. C. M.;
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strengths, solutions of 10 mM PBS were diluted with deionized
(DI)water.HPDNAwasaddedsuchthatthefinalconcentration
was equal to 1.0 μM. Samples were prepared in triplicate inorder
to generate standard deviations for each measurement. After
reaction for 30 min, each sample was rinsed by centifugation
two times with 75 μL of buffer. The nanowires bearing the HP
probes were hybridized with fluorescently labeled targets from
Table2asnotedinthetext,attargetconcentrationsof1.0μMand
volumes of 333 μL in 0.5 M CAC hybridization buffer. Posthy-
bridization, each sample was washed two times with 333 μLo f
0.5 M CAC, and the surface coverage of each type of labeled
strand was quantified as described above.
AfterattachmentofHPstoAuwiresasdetailedaboveineither
50mMPBSor30mMPBS, the DNA-coatedwireswereexposed
to 1 mM HS(CH2)11(OCH2CH2)3OH, (referred to as HS-OEG,
SensoPath Technologies, Bozeman, MT) in 75 μLo fe i t h e r
50 mM PBS or 30 mM PBS for 30 min. Samples were then rinsed
two times with 75 μL of 50 mM PBS or 30 mM PBS and
hybridizedaspreviouslydescribed,usinglabeled/unlabeled Tcomp
and TNC as the target and fluorescently labeled noncomplemen-
tary target, respectively.
Optical Microscopy. For samples to be imaged under an
opticalmicroscope,HPprobeswereimmobilizedtonanowiresas
described above, and these nanowires were then hybridized with
unlabeled targets from Table 2 as noted in the text, at target
concentrations of 1.0 μM. Targets were not rinsed out
posthybridization.
25 Directly after hybridization, a 10 μLa l i q u o t
ofnanowire suspensionwasplacedontoa glasscoverslip.Images
were acquired using a Nikon TE-300 inverted microscope with a
CFI plan fluor 60x oil immersion lens (N.A.=1.4) and ImagePro
Plus version 4.5 and 7.0 software. Images were captured using a
Coolsnap HQ camera (Photometrics). The light source was a
300 W ozone-free Xe lamp. A Nikon filter cube with Semrock filters
specific for TAMRA excitation and emission (excitation: 531/40,
emission: 593/40, dichroic: 562 long-pass) was employed to obtain
fluorescenceimages,andreflectanceimageswereobtainedwithwhite
light. NBSee Software (Nanoplex Technologies) was employed to
quantify fluorescence intensity.
80 Briefly, the reflectance and corre-
sponding fluorescence images were analyzed for several hundred
nanowires, and a log mean fluorescence intensity was generated.
25
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Table 2. Sequences Used in This Work
sequence (50 to 30) comments
thiol(CH2)6-GCG AGT GTT AAA AGA GAC CAT CAA
TGA GCT CGC-TAMRA
a
HP; Hairpin probe specific for a 23-base region of HIV
b
CTC ATT GAT GGT CTC TTT TAA CA
c Tcomp; Target strand complementary to loop region of HP
Alexa488-TCA CCG GTT CCG CAG ACC ACT ATG TNC; Noncomplementary control target strand
b,d
TGG AAT AGG CCC TGC ATG TAC TGG ATG TAA
CCT GTC CCA TTC TGC AGC TTC
CTC ATT GAT GGT CTC TTT TAA CAT TTG CAT
TGC TGC CTG ATG TCC CCC CAC TGT
GTT TAG CAT AGT ATT TAA G
c
Extended target sequence showing nonhybridizing nucleotides
on either side of (underlined) Tcomp region of the HIV
sequence; our experiments used from 10 to 50 nt on 30 or 50 end,
as noted in the text and figures
b
CAA TAG GTC TTT CCA CTG CAA ACA CTG GGC TGC
AGC TTA TTT GGC CAG
ACC CTC CGT CTC CAC CTA CTT CGT T
c
Noncomplementary target control representing a 73-base region
of Influenza B virus; here, the underlined region is
complementary to a probe used in reference 79 and was used
as the central segment onto which 50 nt were added to
produce noncomplementary targets of desired length
aTheitalicizedportionsofprobesequenceindicateregionsofself-complementarity.
bHIV,HCV,andInfluenzaBareallRNAviruses;however,here,
our synthetic DNA targets served as viral nucleic acid mimics.
cThese sequences were available either unmodified or modified with a 50 AlexaFluor 488
for hybridization efficiency determination.
dRepresentative of a 23-nucleotide sequence of Hepatitis C Virus.
(80) Walton,I.D.;Norton,S.M.;Balasingham,A.;He,L.;Oviso,D.F.;Gupta,
D.;Raju,P.A.;Natan, M.J.;Freeman,R.G.ParticlesforMultiplexed Analysisin
Solution: Detection and Identification of Striped Metallic Particles Using Optical
Microscopy. Anal. Chem. 2002, 74, 2240–2247.